Abstract
morphology of opacification. A serious straylight increase was found in most of these lenses suggesting that affected patients may suffer from glare related symptoms.
Introduction
Intraocular lens (IOL) opacification is a serious condition that may degrade patients' vision. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Although opacification has often been associated with hydrophilic IOLs, 2, 5, 7, 9-15, 17, 18 this postoperative complication has also been reported in other lens materials. 1, 3, 6, 16 Studies on calcification of hydrophilic acrylic IOLs have pointed to several factors that may be related to the onset of opacification, such as lens packaging, 4 ophthalmic viscosurgical device, 8 surgical technique, 19 patient related conditions, 6 and most recently, intracameral injection of gas. 2, 5, 7, 9-15, 17, 18 IOL opacification due to the intraocular gas usage created a new type of centrally localized round calcification pattern on one lens (sub)surface and restricted to the pupillary or capsulorhexis area. 2, 5, 7, 9-15, 17, 18 It has been reported following ophthalmic procedures involving the use of gas, such as posterior lamellar keratoplasty, e.g., Descemet-stripping (automated) endothelial keratoplasty (DS[A]EK) and Descemet membrane endothelial keratoplasty (DMEK), 5, 7, 10-15, 18, 20 and pars plana vitrectomy (PPV). 2, 9, 17 However, the incidence rate is relatively low, ranging from 2.5% to 5%. 13, 15 Opacification typically appears several months after those procedures, which may result in patients' complaints, and IOL exchange. 2, 5, 9-12, 17, 18 Although numerous studies on histological examination have been performed, 2, 5, 7, 9-12, 17, 18 little can be found on the optical quality of the affected IOLs. 7, 11 The optical performance of opacified lenses has been studied by means of light scattering (straylight) measurements, [21] [22] [23] and quality metrics derived from the point spread function, such as the modulation transfer function (MTF) and the Strehl ration (SR). [24] [25] [26] [27] Studies on straylight from different types of IOL opacification such as calcification, snow-flake degeneration, and glistenings, have shown that straylight is a very sensitive measure to detect the presence of IOL pathology. 20, 28, 29 Deterioration of the optical quality in those lenses in terms of the MTF, occurs only if opacification is severe. 20, 30 MTF levels of a calcified IOL after the DMEK/DS(A)EK procedure were presented in two studies, however, straylight was not included in those reports.
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The aim of this laboratory study was to assess the effect of centrally localized IOL calcification, associated with the intraocular injection of gas, on the lens optical quality by measuring the MTF and straylight measurements. The relationship was established between the straylight parameter and morphological parameters, which were derived from the laboratory analysis and image processing. Table 1 provides detailed information on four IOLs, which were explanted between Dec 2016 and Apr 2017 and sent to the David J Apple International Laboratory for Ocular Pathology (Heidelberg, Germany). Two patients had received a combined phaco-vitrectomy with the use of C 2 F 6 gas (case 1 and 2). One patient (case 3) underwent PPV with the instillation of C 3 F 8 a year and a half after initial crystalline lens extraction. In this case, a subsequent anterior chamber revision was carried out because of the gas in the anterior chamber. Case 4 involved the use of trypan blue and air during cataract surgery. A month after cataract surgery, a DMEK procedure was performed in this patient with subsequent re-bubbling in the next four days. The mean patient age on the day of IOL explanation was 53 (19 to 74) years. The mean time the IOL had been inside the eye was 2.9 (0.6 to 5.3) years.
Methods

Studied intraocular lenses
All studied lenses were CT Asphina 409M/MP (Carl Zeiss Meditec AG, Germany). The CT Asphina is a monofocal aberration-neutral IOL made of hydrophilic acrylic material with a hydrophobic surface. The nominal power of the studied lenses is presented in Table 1 . The optical performance of the lens explants was compared with a control CT Asphina 409MP lens with a nominal power of 21.0 D.
Straylight assessment
Light scattering was assessed using a commercial device (C-Quant; Oculus GmbH, Germany) adapted for in vitro straylight measurements of IOLs. 21, 22 In short, the straylight meter consists of a central test field surrounded by an annular straylight source with effective 7° radius. [31] [32] [33] It uses the two-alternative forced choice psychophysical compensation comparison method, which has been described extensively elsewhere. 31, 34 In a clinical setting the straylight test is performed monocularly with a subject looking at the test field through an ocular. In this laboratory setting an IOL was placed into a BSS-filled glass cuvette and mounted in front of the ocular. The cuvette was positioned in a holder right behind a plano-convex lens to project the C-Quant test field into the IOL in the same way as during in vivo straylight measurement. [35] [36] [37] Two measurements per lens were performed.
Optical metrology
In addition to the straylight measurements, the optical quality of each lens explant was studied with OptiSpheric IOL PRO 2 optical bench (Trioptics GmbH, Germany). The IOL PRO2 was designed in compliance with ISO 11979. 38 The device consists of a monochromatic light source (546 nm), a target (e.g., slit, pinhole), a model eye, a microscope objective lens, and a monochromatic camera. An aberration-free model cornea was used in this study, 38 as the main goal was to investigate the extent to which the optical quality of the explanted lenses had changed.
The optical performance of the IOLs was assessed by means of the MTF, which is derived from the Fourier Transformation of the line spread function (LSF) projected by the lens under test. 24, 25 The LSF is an aberrated image of a slit test target. The MTF was measured (two repetitions) with a horizontal and vertical slit, which corresponds to the sagittal and horizontal planes, respectively. MTF results of the two meridians were averaged and presented graphically for a 3-and 4.5-mm pupil. 39 These values were also used to calculate a Strehl ratio (SR) in the frequency domain using the following formula
Where DLMTF stands for a diffraction-limited MTF, and f is the spatial frequency. The cut-off frequency used to calculate the SR was 100 lp/mm 38 (30 cyc/deg) as it corresponds to a logMAR visual acuity (VA) of 0.
Laboratory analysis
Following the optical measurements, the IOLs were cut in halves and subjected to laboratory analysis. A light microscope (BX5, Olympus Optical Co. Ltd., Japan) equipped with a camera (C-7070, Olympus Optical Co. Ltd., Japan) was used for gross examination of the lens explants and image recording. The lenses were stained for Calcium by means of the Alizarin and von Kossa method using a protocol that has been described in detail in recent articles. 7, 11, 30 Image analysis
Images were processed with a purpose-written software (Image Processing Toolbox, Matlab, Mathworks). The area of opacification and the loss of light were derived from photographs taken with a monochromatic camera (VA-1MC-M120-A0-C, Vieworks, South Korea) of the IOL PRO 2 device. The calcification area was assessed based on the difference in intensity levels of individual pixels between the opacified and clear part. This value and the total lens area were used to calculate an opacified fraction of the lens:
=
The pixel values of the affected and unaffected regions of the lenses were averaged to obtain the loss of light in the calcified area, and that is expressed as:
Mean pixel intensity of the calci�ied area Mean pixel intensity of the clear area As a simple model, one might assume that straylight is proportionally related to both these parameters. The product of these two parameters gives the fraction of light scattered. So, the relation between the straylight parameter and this product will be studied. In addition, images of the IOLs following the von Kossa staining were analyzed with a Matlab software to find the size and number of Calcium deposits. This program has previously been used for the assessment of glistening in IOLs. 23 The product of these two parameters can be expected to be proportional to the fraction of light scattered and thus, this product can be compared with straylight
Results
A centrally localized round area of discoloration (opacification) was identified by gross examination in the four studied IOLs (Figure 1 , top panels). Fine granular deposits were revealed with light microscopy, which stained positive for Calcium ( Figure 1 , middle and bottom panels).
The calcium deposits were localized on the lens surface only in case 3 ( Figure 1 , middle panels), but subsurface inclusions were found in all studied lenses ( Figure 1 , bottom panels). MTF and SR values for the 3-and 4.5-mm pupils are presented in Figure 2 . The control IOL showed very good optical performance in terms of the MTF test, as the SR at the two apertures was close to 1. In comparison to the control, two IOLs (case 2 and 3) showed a significant drop in the MTF levels, with a lower SR than that of the control lens by 48% and 51% at 3 mm. For the 4.5-mm pupil it was 34% and 49% for case 2 and 3, respectively. Case 1 and 4
showed a 4% decrease in the SR at the 3-mm aperture with respect to the control. For the larger aperture, the SR was worse than that of the control by 10% for case 1, and 21% for case 4.
The results of the straylight assessment are presented in Figure 3 . Only the control demonstrated a straylight level that was below that of a young crystalline lens. Although straylight of case 1 was higher than that of the clear IOL, it was still within the normative limits of an (aged) natural lens. In the remaining three IOLs straylight was higher than that of a lens with cataract. A directly proportional relationship of the straylight parameter with the fractionArea x fractionLight loss values, and the mean Calcium granule surface x the total number of Calcium granules appear in Figure 4 .
Discussion
The main finding of the present study is that IOL calcification following the intracameral injection of gas caused serious deterioration of the lens optical performance in terms of straylight (disability glare) particularly, and MTF metrics in some cases (Figure 2 and 3 ). This loss of optical quality strongly depends on density and size of Calcium deposits, which act as lightscattering particles yielding the loss of light for the direct light transmission, and the area of calcification ( Figure 4 ). The straylight study shows that the light lost for direct imaging is not actually lost, but enters into the eye, causing a strong disturbing light veil over the retina. The straylight values are huge compared to the effects on the MTF or SR.
The MTF of opacified lenses has been studied before. In one case report on IOL opacification subsequent to the DMEK procedure, a large effect on optical quality metrics was found with MTF levels close to zero at frequencies above 50 lp/mm (15 cyc/deg). 11 This was confirmed by a later study on a larger number of calcified IOLs. 7 In two other studies, on a distinct opacification pattern, a steep decline of MTF values was demonstrated. 20, 30 In the current study, not all analyzed lenses demonstrated significant MTF effects. The SR of two IOLs (case 1 and 4) was lower than that of the control lens only by 4% at the 3-mm pupil. Although the SR of these two lenses was lower at the 4.5-mm pupil, it remained at a high level of 0.86 (case 1) and 0.75 (case 2). The optical (MTF) performance of the two other lenses decreased markedly with respect to the control lens at the two apertures. These findings suggest that the optical quality of calcified IOLs is variably maintained depending on the extent of the calcification.
We found that straylight was seriously increased in three of the four lenses, also in case 4
where a moderate effect on the MTF was shown (Figure 2 and 3 To the best of our knowledge, no study on straylight from calcified IOLs after the intracameral injection of gas has been published in the peer-reviewed literature. Two studies reported light scattering from lens explants, however, the etiology of the calcification process of those lenses differ from that of the IOLs included in the current study. 20 The preceding paragraph summarizes straylight values in differing types of IOL opacification. Our study showed that scattering effects of IOLs with opacification associated with the intraocular injection of gas may also differ ( Figure 3 and 4) . This may be because of the differences in surgical procedures that were performed in these cases. We assessed the relationship between straylight and the (apparent) light loss with respect to the area of calcification ( Figure 4) . We calculated the calcified area in relation to the total lens surface.
However, in order to more closely mimic an in vivo situation, one would use the natural pupil area as a reference, given that the peripheral part of the lens in vivo is covered by the iris.
Unfortunately, this could not be achieved because neither pupil size measurements nor slit-lamp images prior to explantation were available to the authors. . The light observed in the microscopic image can be attenuated due to light scattering and/or absorption, depending on the properties of the relevant particles, 44 in our case, Calcium granules. It was therefore interesting to investigate the relationship between the straylight parameter and the size and number of Calcium deposits/inclusions. Although the sample size was very small, a proportional relation seems to show up in Figure 4 . However, one would expect a perfect proportional relation between these parameters. The reason for this could be the weighing of the light scattering process, which is always somewhat different from the weighing of the morphological parameters. For instance, we used images of 5-μm-thick IOL slices for the von Kossa test in our analysis. 7, 11, 30 However, Calcium granules are not evenly distributed within the IOL optic. Moreover, the size distribution and density of the Calcium granules showed a high degree of variability. Although this may appear as a limitation, increasing complexity of the model would not necessarily yield better accuracy, as scattering itself is a complex process.
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A recent clinical study on a large cohort of patients after the DMEK procedure showed a limited difference of 0.15 logMAR between patient groups with and without lens opacification (0.28 ±16 vs. 0.13 ±8). 15 IOL exchange was performed in one case in that report. 15 Several studies on severe lens opacification and subsequent lens explantation have also indicated that the and all the lenses were exchanged. This suggests that IOLs with a larger area of opacification are more likely to affect the patient's vision and thus provoke subjective complaints that in turn lead the clinician to consider IOL exchange
Although only one IOL model was included in this study, IOL opacification following the intraoperative use of gas has been associated with various hydrophilic acrylic lenses. 2, 5, 7, 9-15, 17, 18 Interestingly, one study reported on two hydrophobic lenses with post-DMEK opacification of a similar pattern. 15 Therefore, the intracameral injection of gas appears as a risk factor for IOL calcification in various lens materials. However, the incidence of this postoperative complication seems to be low. 13, 15 In summary, we showed that centrally localized round IOL opacification, subsequent to the intraocular gas usage, can worsen the lens optical performance in terms of straylight and the MTF metrics. A proportional relation was shown between straylight and the morphological parameters explaining existing differences in optical quality between calcified lenses. The reason for the high variability found in the morphology of opacification between IOLs remains to be identified. The high straylight values reported may suggest increased sensitivity to glare of the affected patients resulting in a poor overall quality of vision independently of VA.
WHAT WAS KNOWN
• A centrally localized calcification pattern on the (sub)surface of hydrophilic acrylic IOLs has been associated with the intracameral injection of gas. The optical (MTF) performance of the affected IOLs has been found to be affected with limited functional (acuity) effects, but straylight effects have not yet been established.
WHAT THIS PAPER ADDS
• The IOLs with localized opacification showed potential for degrading the optical performance. Degradation is limited in terms of the MTF and very strong in terms of straylight.
• A proportional relationship between straylight and the morphological characteristics of opacities may explain variability in the optical quality of affected IOLs. 
